ABSTRACT An extremely short instrumental response function for a single-photon-counting system has been obtained by using a low-jitter photomultiplier tube, fast amplification of the single photoelectron pulse from this photomultiplier, a constant fraction discriminator with a-wide bandwidth input, and a stable reference timing signal. This synchronously mode-locked laser system has been shown to be capable of measuring the fluorescence lifetimes of compounds from 66 psec to 4.5 nsec. The estimated error in these determinations is 6% or 10 psec, whichever is greater. This apparatus has proved itself to be superior to the previously used nitrogen flashlamp apparatus for the determination of subnanosecond lifetimes. The validity of using deconvolution to determine lifetimes shorter than the instrumental response function has been verified.
Single-photon counting was first reported by Bollinger and Thomas (1) and has gained wide acceptance as a technique for measuring fluorescence lifetimes (2) . In our research, the method has proved extremely valuable for studying the interrelationship between structure and reactivity in photochemical processes (3) (4) (5) (6) (7) (8) (9) .
The goals of the present research were (i) extension of our capabilities in measurement of ultrarapid excited-state decay rates and (ii) checking further on the reliability of our methodology, including deconvolution, which has occasionally been looked on with some vague uncertainty.
The single-photon-counting method depends on an excitation light pulse initiating a linear voltage ramp in a time-to-amplitude converter (TAC) and emergence ofa single fluorescence photon stopping the TAC. The TAC output, measuring the time delay between excitation flash and observation ofa fluorescence photon, is led to an analog-to-digital converter, and stored in a multichannel analyzer or a minicomputer.
Some recent single-photon-counting measurements from the literature are summarized in Table 1 .
Our previous single-photon-counting instrumentation used a nitrogen flashlamp. Although our instrumental response (see below) was appreciable (1-3 nsec) , deconvolution techniques allowed measurement of excited-state lifetimes as short as 124 psec (9) . However, many examples of molecular excited-state decay of interest to our research have room temperature lifetimes shorter than 100 psec, necessitating the use ofa technique based on slowing the rates by decreasing the temperature and independently determining the ratio (the "magic multiplier") of room temperature to low temperature decay from the fluorescence quantum yield ratio (9) . EXPERIMENTAL Chemicals. Coumarin 450, rhodamine 6G, and sodium fluorescein were laser grade materials from Exciton and were used without further purification. Rose bengal was chromatographed on a 2 x 50 cm silica gel column slurry packed and eluted with acetone/ethanol (2:1), collecting 10-ml fractions. Fractions 15-19 were determined by fluorescence spectroscopy to be rose bengal. Erythrosin was obtained from Aldrich and used without further purification. Methanol and ethanol were distilled from CaO immediately prior to use. All solutions were prepared immediately prior to use.
Fluorescence Lifetime Measurements. The laser excitation source consisted of a CW rhodamine 6G dye laser (Coherent Radiation CR 490) synchronously pumped by an actively modelocked argon ion laser (Coherent Radiation CR18). The ultrastable frequency for the argon ion mode locker was supplied by a Hewlett-Packard 8640B frequency generator and amplified by an ENI 300L rf amplifier. The argon ion laser produced a highly stable train of 100-to 200-psec pulses at a repetition frequency of 75.286 MHz with an average power of 2.3 W while the dye laser, which had a two-plate birefringent tuning element, produced 2-psec pulses at 590 nm with an average power of570 mW. The second harmonic ofthe dye laser radiation (295 nm) was generated with 3% efficiency by focusing the dye laser output into a 30-mm-long ammonium dihydrogen arsenate crystal with the use of a 20-cm focal length planoconvex lens. Residual 590-nm radiation was removed with a Coming 7-54 glass filter.
Fluorescence emitted at right angles was detected with an IT F4129 photomultiplier tube. The single-photon pulses were amplified either with an ENI 601L amplifier feeding a Hewlett-Packard 461A amplifier operating at 20-dB or by a Miteq AU-2A-0150 amplifier feeding a Minicircuits ZHL-1A amplifier. This output was fed to an Ortec 583 constant fraction discriminator that had been internally jumpered for the minimum possible external delay. The 583 output provided the "start" signal for the Ortec 457 TAC. The "stop" signal was derived by using a fast logic frequency divider similar to that previously described (16) to count down the ultrastable frequency supplied to the argon ion mode locker. A Shottky transistortransistor logic output from the divider was inverted by using an Ortec 454 timing filter amplifier and fed to an Ortec 436 leading edge discriminator whose output provided the reference timing signal to drive the stop channel. The TAC outputs were processed in a Northern Scientific NS-623 analog-to-digital converter interfaced to an LSI-11/02 minicomputer. The time calibration ofthe TAC was determined from the interpulse spacing Abbreviation: TAC, time-to-amplitude converter.
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Proc. Natl. Acad. Sci. USA 79 (1982) 2129 228 psec (13) cavity-dumped TIED 56 XP2020 360 psec (14) dye laser TIED 56 PM31000 270 psec (15) of 13.28 nsec. The data were collected with an :10 psec per channel window. The fluorescence profile was collected by exciting the sample at 295 nm and monitoring the resultant emission through a Bausch and Lomb 33-86-07 high-intensity grating monochromator. The bandpass of the collected radiation was controlled through the use ofcalibrated slits at the entrance and exit ofthe monochromator. The instrument response function was obtained by replacing the fluorescent sample with a dilute solution of Ludox. Under normal operating conditions, the instrumental response had a full width at half maximum of 280 psec for the Hewlett-Packard 461A amplifier and 190 psec for the Minicircuits ZHL-1A amplifier.
The parameters describing the true excited-state decay function were extracted from the experimental data by the reiterative convolution method described previously (9) and programmed for a PDP-11/T55 computer (17) . The quality of fit of the calculated curve to the experimental data was judged by the A value. An A-value fit of <5% was obtained for all of the data reported here.
Relative Fluorescence Quantum Yields. The fluorescence of sodium fluorescein was measured with an Aminco-Keirs spectrophosphorimeter. Excitation was provided at 295 nm. The emission was monitored from 400 to 650 nm. Integration ofthe fluorescence curves was by PDP-11/T55 digitization with a Summagraphics Bitpad and appropriate programming (unpublished data), making use ofnumerical integration (18); 0. 5% reproducibility on any given peak was observed.
RESULTS
Description of the System. Our research used a synchronously mode-locked dye laser with the cavity extended to match the round-trip transit time ofthe pumping argon ion laser pulses to provide 2-psec light pulses at a 75.3-MHz repetition rate. These pulses were frequency doubled with an ammonium dihydrogen arsenate crystal to give 295-nm radiation. For detection, we used an ITT F4129 photomultiplier with jitter (timing uncertainty) reported (19) as 125 psec.
To maximize the time resolution of the system, our next aim was minimization of the instrumental response of the apparatus to the 125-psec jitter of the F4129 photomultiplier.
For the reference timing signal, we used either (i) a 1P28 with a modified (20) four-dynode chain or (ii) the frequency synthesizer (HP model 8640B) driving the laser mode locker.
For the output from the single-photon photomultiplier, an especially fast and tunable constant-fraction discriminator (Ortec 583) was used. It was found that the very low voltage (typically 1-3 mV) and very short (-500-psec) pulses afforded by the ITT F4129 photomultiplier led to a critical dependence on the amplifiers used to trigger the constant-fraction discriminator. Using the mode-locking frequency synthesizer to provide the reference timing signal, we observed an instrumental response of 280 psec with a 100-MHz amplifier and of 150 psec with a 500-MHz amplifier. With the 1P28 as the reference signal, the instrumental response was 330 psec with the 100-MHz amplifier.
In addition, there proved to be a choice ofusing the reference pulse and the single-photon-counting pulse for starting and stopping the TAC, in that order, or instead reversing their roles as has been described by Lytle and colleagues (21) . The latter proved advantageous.
Hence, with the system at its best, a 150-psec response could be reliably derived (Fig. 1) .
Evaluation of the System: Fluorescence Lifetime Measurements. It was of special interest to do two types of measurements with the system described. The first objective was to determine the lifetimes of relatively long-lived excited singlets without the use of deconvolution for comparison with our previous slower apparatus in which deconvolution was required; this promised a test of the validity of the deconvolution approach. The second objective was to determine two varieties of lifetimes-(i) those in the nanosecond range and (ii) those in the picosecond realm-and to compare these where possible with literature values, especially where use of streak cameras had obviated the need for deconvolution.
In the slow category were coumarin 450 (4,6-dimethyl-7- Tables 2 and 3 . The fluorescence lifetime of a luminescent sample was obtained from the emission data by first collecting a scattered light profile at 295 nm and then collecting the fluorescence decay data. The reference timing signal has a stable frequency of 12.5 MHz (interpulse spacing of 80 nsec) while the excitation frequency is 75 MHz (interpulse spacing of 13.3 nsec). There are six excitation light pulses for each reference timing pulse. Thus, during the 50-nsec window of the TAC, three separate emission-time profiles were obtained at the interpulse spacing of 13.3 nsec. A typical experiment with its associated lamp flash is shown in Fig. 2 . Each of these separate decay curves was treated as a separate experiment and was deconvoluted by a reiterative convolution technique previously described (9) and programmed for a PDP-11/T55 computer (17) . The TAC was calibrated through the use of the 13.3-nsec interpulse spacing. The fit of the calculated decay curve was judged by the A value (9) . Only A values <5% were considered acceptable. A representative example of a completed experiment, in which the experimental data are compared with the calculated curve, is shown in Fig. 3 . The fluorescence lifetime results obtained with this apparatus for the slower decay rates are given in Table 2 and can be compared with results obtained with the nitrogen flashlamp instrument (9) and in other laboratories. Note that all compounds measured on the synchronously mode-locked dye laser apparatus agree within experimental error with results obtained on the nitrogen flashlamp instrument used previously in our research (9) . Thus, for the relatively long lifetime of coumarin 450, our laser value of 4.2 nsec compares well with our value of4.5 nsec obtained with the nitrogen flashlamp apparatus. We found the lifetime of rhodamine 6G in aqueous solution to be 4.0 nsec, which is comparable with the value obtained by Harris and Lytle of 4.1 nsec (10). An additional "long" lifetime for sodium fluorescein was obtained and is in agreement with the nitrogen flashlamp apparatus and the work of Porter et al (24) . Fleming et aL (26) have obtained a value of820 psec for the latter. Clearly, if polarization effects are significant, a double exponential decay would be expected in this case. However, all ofour experiments yielded a single exponential lifetime for rose bengal. The fit ofthe calculated curves to the experimental data gave A values of 3% to 4%. In fact, single exponential fits were obtained for all compounds in this study for the range of lifetimes from 66 psec to 4.5 nsec. Since rotational reorientation times are typically of the order of 100-300 psec, depending on the size of the molecule and the viscosity of the solution, which are of the same general order as many of the rate constants measured, the question arises why the decay rates are fit by single negative exponentials.
This question is answered by consideration of the magnitude error introduced by neglect ofpolarization effects. The emission intensity as a function of time is given by Eq. 1. This is seen to be a double exponential The second objective with the nanosecond-range compounds was determining the concurrence of the lifetimes obtained directly with the present apparatus and in the literature with those obtained by deconvolution. For three compounds in Table 2 and for measurements with the present apparatus but avoiding deconvolution by obtaining the decay rate directly from the slope of logarithmic plots (again see function in which the second exponential term (i.e., the polarization contributor) is a function of the orientation angle (8) between the laser-induced vertical absorption dipole and the emission dipole. Here kd and kr are the decay and rotational rates. We now consider theoretically generated curves based on Eq. 1. This error due to use of a single exponential is given in Table 4 as 8 varies from 0°to 900. The polarization decay term is seen to contribute marginally to the overall decay. Thus, our synchronously mode-locked laser single-photoncounting system promises to be useful and superior to our nitrogen flashlamp apparatus for our measurements of subnanosecond lifetimes.
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